The empirical relations between cubic spinel oxides of different compositions were investigated using data from 349 refined crystal structures. The results show that the spinel structure is able to tolerate many constituents (at least 36) by enlarging and decreasing the tetrahedra and octahedra. This is reflected in a large variation in tetrahedral and octahedral bond distances. The oxygen positional parameter (u) may be regarded as a measure of the distortion of the spinel structure from cubic close packing or of the angular distortion of the octahedron. The distortion can best be explained in terms of ionic potential (IP), which merges the size and charge properties of an ion. Sterically induced distortion depends on ion size, whereas electrostatically induced distortion is caused by cation-cation repulsion across faces of tetrahedra and shared edges of octahedra. The strong correlations between the u parameter and the IP at the T and M sites are consistent with the main role played by the both charge and size. Large distortions (u ) 0.27) result in oxygen-oxygen distances of the octahedron shorter than 2.50 Å , which would lead to structural instability because of increased non-bonded repulsion forces between the oxygen atoms.
Introduction
Spinel-type compounds have a central role both in the Earth sciences and in materials sciences. Minerals with the spinel structure are found in a wide range of geological environments, from upper mantle to crust, and occur in extraterrestrial geological environments, e.g. the Moon, Mars and meteorites. Moreover, ceramic materials with the spinel structure show a huge range of mechanic, optic, thermoelectric and magnetic properties and, as a result, they are suitable for many applications.
Oxide spinels have the general chemical formula AB 2 O 4 , where A and B are constituents (not crystallographic sites) with charges ranging from 0 to +6 that yield root-charge arrangements such as (Greedan et al., 1998; Lenaz et al., 2004; Kudoh et al., 2007; Fortes, 2015) . The spinel structure is a cubic close-packed (c.c.p.) array of anions with A and B constituents occupying one-eighth of the tetrahedrally (T) and one-half of the octahedrally (M) coordinated sites. In the space group Fd 3 3m, the unit-cell parameter a and oxygen fractional coordinate u define the resulting tetrahedral (T-O) and octahedral (M-O) bond lengths as well as other geometrical parameters of the structure such as polyhedron volumes, interatomic distances and bond angles (e.g. Sickafus et al., 1999) .
Spinels are traditionally denoted as either 'normal' or 'inverse': the M site of the former is occupied by ions with the same formal charge, whereas the M site of the latter is occupied by ions with different formal charges. As an example, the distribution of A and B cations over T and M may lead to two different site populations in the 2-3 spinels: (1) 
, the two extreme distributions correspond to i = 0 (normal) and i = 1 (inverse), where i is the inversion parameter and represents the degree of disorder in the cation distribution; for a random cation distribution i = 2 3 . The u parameter is of particular importance in the spinel crystal structure, and is the only free atomic coordinate in the ideal spinel structure for anions located at Wyckoff positions at 32e (u, u, u) , while constituents at the T and M sites are fixed at 8a ( 2 ), respectively. Note, the octahedron MO 6 is not regular but trigonally distorted (point symmetry 3 3m) with six equivalent bond distances and bond angles 6 ¼ 90 , whereas the tetrahedron TO 4 is always regular (point symmetry 4 43m). The deviation of anions from ideal c.c.p. positions has implications not only for crystallographic properties (all geometrical parameters vary) but also for material properties, for instance, the angle T-O-M (125.3 in ideal c.c.p.) is the coupling angle for the primary superexchange interaction in ferrimagnetic oxide spinels (e.g. Iida, 1957) . Other implications concern the petrogenetic information that may be derived from the u parameter (e.g. Princivalle et al., 1999; Lenaz et al., 2009 Lenaz et al., , 2015 Lucchesi et al., 2010) . Moreover, u also correlates with the physical properties of spinel such as bulk modulus (e.g. Kudoh et al., 2007; Nestola et al., 2011) . This paper explores the crystal structures of cubic spinel oxides with different compositions. By using a large data set, empirical relations will be developed in order to show the role of steric and electrostatic interactions in determining the structural and chemical variations in spinel.
Data set
Chemical and structural data for 349 spinel oxides with space group Fd 3 3m were taken from the literature: Reuter et al. (1986, 1996) (16 sets total); O'Neill et al. (1991 O'Neill et al. ( , 1994 ) (37 sets total); Peterson et al. (1991) ; O'Neill (1992) (11 sets total); Roelofsen et al., 1992 (13 Carbonin et al. (1996) (three sets total); Lucchesi et al. (1996 Lucchesi et al. ( , 1998a Lucchesi et al. ( ,b, 1999 (50 sets Although more data could be added to the present set (e.g. Princivalle et al., 2006 Princivalle et al., , 2012 Lenaz et al., 2009 Lenaz et al., , 2011 Lenaz et al., , 2014 Lenaz et al., , 2015 Bosi et al., 2016; Bosi & Andreozzi, 2017; Fregola et al., 2012) , they were not included due to overlap with the previous data. As the value of the u parameter depends on the choice of unit-cell origin, the data of the present study that were not referred to, which have an origin of a cubic cell at the centre of symmetry 3 3m [(Wyckoff position at 16a corresponding to the fractional coordinates (0, 0, 0)], have been converted accordingly.
Chemical flexibility and structural tolerance of spinel
The chemical flexibility of oxide spinels is extraordinarily variable. Table 1 shows the occurrence of at least 36 constituents with different formal charges/sizes that have been identified in natural and synthetic spinels.
It is interesting to note that the spinel structure accommodates this large number of constituents despite having the very simple structural formula type TM 2 O 4 . The much more complex tourmaline, XY 3 Z 6 (T 6 O 18 )(BO 3 ) 3 V 3 W, accommodates only about 26 (e.g. Bosi, 2018 Mg 2+ (0.71 Å ) of 0.39 Å . Note, in the present study the crystal radii are preferred to the traditional ionic radius as the former corresponds more closely to the physical size of ions in a solid (Shannon, 1976) .
Although the spinel structure might seem to be rigid because only two variable parameters (u and a) are necessary to define all the other geometrical parameters, the wide compositional range of spinel shows that it has a remarkable degree of tolerance; the oxygen array can easily expand (or contract) around the crystallographic T and M sites to accommodate cations of different charge and size.
Inversion parameter
The main factors that affect the i parameter may be either an external origin, such as equilibrium temperature, oxygen fugacity and crystal growth kinetics, or internal, such as crystal-field stabilization energy, the electrostatic contribution to the lattice energy, covalence effects, size and charge (O'Neill & Navrotsky, 1984; Nell et al., 1989; Della Giusta et al., 1996; Redfern et al., 1999; Sickafus et al., 1999; Andreozzi et al., 2000; Andreozzi & Princivalle, 2002; Papike et al., 2015; Bosi & Andreozzi, 2017) . In general, one would expect a compositional dependence for the relation between i and u. Instead, data for 349 spinel oxides show a limited correlation between i and u [ Fig. 1(a) ]. However, when the data are restricted to spinels with u > 0.25 and 0 < i < 1 (253 data sets), a good negative correlation involving 2-3 spinels only is found [ Fig. 1(b) ].
Distortion of the spinel structure
The u parameter may be used as a measure of the distortion of the spinel structure from ideal close-packing (u = 0.25) or of the angular distortion of the octahedron . Theoretically, the u parameter varies from 0.226 to 0.274 (Hill et al., 1979) . Empirically, u varies from 0.2301 and 0.2703 (Weil & Stö ger, 2006; Sousa et al., 2018) : for u < 0.25, the MO 6 octahedron is flattened along the threefold axis along [111], whereas for u > 0.25, it is elongated. With regards to the angular distortion of MO 6 , Fig. 2 shows the strict relations between the bond-angular variance (Robinson et al., 1971) and the u parameter. Consequently, the distortion of the spinel structure can also be explained in terms of angular distortion of the octahedra. Plot of the bond-angular variance versus u, illustrating their strict relationship. Dashed line is the cubic fit (rFor symmetry reasons, the anion is displaced along the h111i directions, resulting in variation of the u parameter: an increase in u produces larger T-O and smaller M-O distances and vice versa. As T-O and M-O are related to u and a, we can consider the first derivative of these relations with respect to u:
For values of u ranging from 0.226 to 0.274, À1.17 < k < À0.78. These results indicate that any infinitesimal change in T-O is directly proportional to u by the coefficient of proportionality +1.73a, and that any infinitesimal change in M-O is inversely proportional to u by the coefficient of proportionality Àka. Moreover, the variation in T-O is larger than that in M-O.
Data from the literature confirm these theoretical trends, showing a positive correlation between u and T-O and a negative correlation between u and M-O (Fig. 3) . Moreover, there is a negative correlation between u and the mean formal charge at T, whereas a positive correlation is found between u and the mean formal charge at M (Fig. 4) . As a result, size and charge of ions seem to play an important role in determining structural distortion in the spinel oxides. However, a significant variation in u for any given value of formal charge can be noted, e.g. for T charge = +4 or M charge = +2, u varies from $0.23 to $0.25. This type of variation may be explained by the ionic potential (IP), which merges the charge and size features of an ion: IP = charge/size. The latter may be calculated as the ratio of the mean formal charge of the cations occupying the T and M sites to the mean cation size at T and M obtained from T-O and M-O distances minus the oxygen crystal radius: [4] O 2À = 1.24 Å , respectively (Shannon, 1976) . Both IP at T and M show a very good correlation with the u parameter:
T IP and M IP have a negative and a positive relationship with u, respectively (Fig. 5) .
In accordance with the stabilizing feature that Pauling (1929) ascribed to cation-cation Coulomb terms (Pauling's third rule), the effect of T IP on u may be related to cationcation repulsion at T across the triangular faces of the tetrahedra (Fig. 6) . Moreover, the observation of a negative correlation between T IP and the area of the face of the tetrahedron is consistent with ions with the highest is linked to cation-cation repulsion across the shared edges, M (O-O) sh , of the octahedral network at the M sites. The fact that the M-M distance (2.82-3.29 Å ) is much shorter than the T-T distance (3.45-4.03 Å ) suggests that the M-M interaction is stronger than that of T-T.
Finally, it should be noted that the M (O-O) sh distances are always larger than 2.50 Å in the present data set (Fig. 7) . Moreover, M (O-O) sh decreases with as u increases and vice versa (Fig. 8) . In general, the O atoms move along [111] as a function of both size and charge of ions in such a way that some O-O distances become shorter (and others longer) with respect to the ideal oxygen close packing. The empirical lower limit, where the O atoms cannot be pushed closer together, corresponds to M (O-O) sh-min ' 2.50 Å (Fig. 8) , which is consistent with the theoretical prediction of Hill et al. (1979) : shared edges between spinel oxide octahedra will not, in general, fall below 2.4 Å because of rapidly increasing nonbonding repulsion forces. The unshared octahedral edge M (O-O) unsh shows no correlation with u but a highly positive correlation with the a parameter (Fig. 9) . No general correlation was observed for a versus u as well as for T-O versus M-O.
Conclusions
The spinel structure can be defined as rigid because only two variables (u and a) are necessary to describe its geometry, but the interplay between tetrahedra and octahedra allows remarkable spinel chemical flexibility. The site-charge variations are larger at T (from 0 to +6) than at M (from +1 to +4) because of the ratio of T to M sites, which must be equal to 1:2, in accordance with the stoichiometry of the spinel structure:
The structure of the spinel oxides is able to tolerate many constituents (at least 36) by expansion or contraction of the tetrahedra and octahedra. This is reflected in the large variation in T-O (1.64-2.25 Å ) and M-O (1.91-2.53 Å ) as well as in u (0.23-0.27). The latter varies with respect to the ideal c.c.p. (u = 0.25), giving a bond angular distortion of the octahedron and hence of the whole spinel structure. With respect to u = 0.2625 (at which, T-O = M-O), T-O may be $0.20 Å larger than M-O, whereas M-O may be about $0.70 Å larger than T-O. In general, distortion of the spinel structure can be best explained in terms of variation in IP, which merges the steric and electronic properties of an ion: sterically induced distortion is obviously dependent on ion size, whereas electrostatically induced distortion is caused by cation-cation repulsion across faces of tetrahedra and shared edges of octahedra. About 90% of the observed structure distortion can be described by linear regression models between u and either 
